Given the positions of protein-coding genes along genomic sequence and probability values for protein alignments between genes, DAGchainer identifies chains of gene pairs sharing conserved order between genomic regions, by identifying paths through a directed acyclic graph (DAG). These chains of collinear gene pairs can represent segmentally duplicated regions and genes within a single genome, or syntenic regions between related genomes. Automated mining of the Arabidopsis genome for segmental duplications illustrates the use of DAGchainer.
Introduction
The occurrence of collinear gene order in comparisons between genomes can have varied implications. For distantly related organisms, it may be indicative of some functional relevance, such as coordinated regulation of gene expression as found in bacterial operons (Ermolaeva et al., 2001) . For more closely related organisms, collinear gene order, in this context termed synteny, is expected simply because not enough evolutionary time has passed to accumulate change (Bennetzen and Freeling, 1997) ; breaks in gene order are often due to large scale genome rearrangements including chromosomal segment inversions, deletions, and translocations. The identification of syntenic regions between related genomes is required in order to fully leverage scientific knowledge gained from the study of model organisms with sequenced genomes, such as from mouse to human (Nobrega and Pennacchio, 2004) , and from Arabidopsis and rice to important plant crop species including broccoli, corn, and wheat (Hall et al., 2002; Shimamoto and Kyozuka, 2002) .
In addition to detecting homologous regions between different genomes, internally duplicated chromosome segments are readily recognized by the conserved ordering of paralogous genes. Whole-genome duplications are part of the evolutionary history of eukaryotes including yeast (Wolfe and Shields, 1997) , Arabidopsis (Blanc et al., 2003; Ermolaeva et al., 2003) , and vertebrates (Durand, 2003) . The duplicated genome segments yield a source of functional redundancy and provide substrates for the evolution of new gene functions (Kondrashov et al., 2002) . Dissecting the duplicated regions within a genome provides us with insight into the molecular events responsible for the current genome architecture, and enables researchers to consider the potential functional redundancy provided by gene duplicates as they attempt to unravel the function of each gene.
Given raw genome sequences, genome architecture can be studied by performing comparisons at the nucleotide level. Tools exist for such comparisons including MUMmer (Kurtz et al., 2004) , BLASTZ (Schwartz et al., 2003) , and LAGAN (Brudno et al., 2003) . These are powerful, computationally intensive tools, and in the absence of gene annotations, provide an excellent starting point for identifying candidate duplicated or syntenic regions. They do not, however, directly yield the identity of the syntenic or duplicated genes.
With fully annotated genomes, alternative approaches can be taken which rely more heavily or exclusively on gene content. DiagHunter coupled with GenoPix2D (Cannon et al., 2003) directly identifies collinear genes by finding diagonals of paired genes in a two-dimensional plot, where each axis represents a contiguous genomic sequence and genes are paired by BLAST (Altschul et al., 1997) matches. DAGchainer operates within the same paradigm, but computes chains of collinear genes using a distinctly different algorithm and scoring function, and provides an alternative tool for mining gene synteny and genome duplications in the post-genomic era.
Program Overview
DAGchainer requires a single tab-delimited input file which describes genes paired by BLAST matches and the E-value for each match. Each gene description includes the identity of the genomic sequence that contains it, a unique gene identifier, and the coordinate span for the gene on the sequence.
To We define a score for each path that combines the quality of the matches and their proximity to one another. Specifically, the score for a path is the sum of:
• The match score of each gene-pair node v on the path, defined as Dynamic programming is then used to find the highest-scoring paths, where the score of the best path ending at node v is given by
After finding the highest-scoring path in the DAG, its nodes are removed and the next highest-scoring path is found. This cycle continues until there is no path scoring higher than a specified minimum score threshold. It is worth noting that node scores are recomputed only when the highest-scoring path contains previously removed nodes, thereby speeding-up the computation.
To find chains of corresponding genes in the opposite orientation, the DAG is recreated with a reversed version of the second genomic sequence. All subsequent calculations are performed exactly as described above.
Software Implementation
The DAGchainer algorithm was implemented as a C++ program. A Perl script wrapper handles parsing of the input data and invoking the C++ program for each pairwise comparison between genomic contigs in the input data set. The software is freely available at <ftp://ftp.tigr.org/pub/software/DAGchainer>.
Example Application: Arabidopsis genome duplication
The Arabidopsis genome architecture and annotation have been reviewed heavily since the sequence was declared finished (Blanc et al., 2003; Wortman et al., 2003) , and therefore provide a useful reference for evaluating the efficacy of newly developed bioinformatics tools. Using the latest release (version 5) of the Arabidopsis genome annotation (available at ftp://ftp.tigr.org/pub/data/a_thaliana/ath1), DAGchainer was employed to identify genes found in chromosomal segmental duplications (Figure 1 , and only chains with at least 6 gene pairs were reported. DAGchainer processed a data set of 40,834 gene pairs and identified 8,153 genes found in 424 chains within six seconds using a single 2.4 GHz Pentium 4 processor. There were 172 chains that contained more than 10 members, and the longest chain contained 287 gene pairs. The results are mostly consistent with those reported by Blanc et al with agreement among 94% and 92% of the genes classified as recent and old gene duplicates, respectively, as well as reporting over 2,000 additional candidate gene duplicates.
